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Abstract: We show that fully dense nanocrystalline titanate ceramic could be obtained by full
crystallization from glass which was prepared by a novel contactless solidification process. Through
annealing above glass transition temperature Tg for prescribed duration, BaTi2O5 ceramic with grain
size of 20–130 nm was successfully fabricated. The dependence of the nanoceramic’s dielectric
constant and dissipation on frequency was investigated. The results show clearly that the dielectric
constant of BaTi2O5 nanoceramic depends on average grain size in nanometer scale, and an optimal
range of the grain size is found which exhibits greater dielectric constant than conventional
microcrystalline ceramics. The as-fabricated ceramic also possesses lower dielectric dissipation,
which can be mainly attributed to the presence of nanometer-sized grains.
Keywords: nanocrystalline ceramic; glass; BaTi2O5; containerless solidification; dielectric properties

1 Introduction
Nanocrystalline ceramics are a promising class of
novel materials for a diverse range of applications in
electronics, mechanics, and optics, etc. [1–6]. A
number of nanocrystalline ceramics have been
fabricated by using spark plasma sintering (SPS) [7,8],
two-step sintering [9,10], microwave sintering [11],
ultra-high pressure sintering [12], and so on [13,14].
SPS is used as a good method of preparing ceramics
with pure phase because of short duration within
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sintering process [15]. Two-step sintering has a short
high temperature sintering followed by a long low
temperature treatment to frozen the grain boundary
migration, which can obtain nanocrystalline ceramics
[10]. Microwave and ultra-high pressure sintering are
recognized as two effective routes to fabricate
ceramics by sintering the nanopowder [11,12]. Despite
these achievements, obstacles remain on the path
forward to widespread deployment of dense
nanocrystalline ceramics. Current solid-state synthetic
approaches are expensive, requiring nanometer-sized
raw materials and demanding to elaborately design
sintering temperature and duration. In principle, an
approach, in which dense and chemically homogenous
polycrystalline materials are obtained by direct
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crystallization from glass, would have many of these
obstacles. There has been considerable work on
transparent glass–ceramic systems, which consist of
microcrystalline and glassy phases [16–18]. However,
to the best of our knowledge, there are few reports of
nanocrystalline ceramics attained by a complete, direct
bulk glass crystallization synthesis route.
BaTi2O5 has been discovered as a new ferroelectric
compound by Akashi et al. [19,20] and Akishige et al.
[21]. The single-crystalline BaTi2O5 prepared by
floating zone melting shows a high Curie temperature
(TC = 430–475 ℃) and a high permittivity in
b-direction without lead additives [19,20]. Hence,
BaTi2O5 ceramic is fabricated and studied as a
promising
environmentally
friendly
material
[15,21–24]. Polycrystalline BaTi2O5 ceramic was
prepared by laser rapid solidification method [22].
Highly dense BaTi2O5 ceramic was effectively
fabricated by spark plasma sintering method [15].
Another synthetic approach for single-phase BaTi2O5
ceramic is hot-pressing the arc-melting-derived
needle-like powder [23]. However, since BaTi2O5 can
be easily decomposed into BaTiO3 and Ba6Ti17O40
above 1500 K, bulk BaTi2O5 ceramic can still be
hardly prepared by using conventional solid-state
sintering approach [25–27].
Recently, Yu and coworkers [28,29] fabricated
BaTi2O5 glass in ~2 mm ellipsoidal bulk form without
adding any network-forming oxides. Their method
involved a containerless solidification process by using
an aerodynamic levitator (ADL), which enables molten
materials deep undercooling because it suppresses
inhomogeneous nucleation from the container wall.
The structural analysis revealed that the BaTi2O5 glass
obtained by this way has unusual features, consisting
of distorted Ti–O polyhedra with an average
coordination number of approximately 5 [30,31]. As a
result, BaTi2O5 glass possesses very high refractive
index exceeding 2.1 and an anomalous permittivity
(more than 107) near glass transition temperature Tg
[28,31]. Till today, there is no report of fully dense
nanocrystalline BaTi2O5 ceramic directly fabricated by
bulk glass crystallization synthesis route, neither report
on the relationship between dielectric properties of
nanostructured BaTi2O5 ceramic and grain size.
In this work, nanocrystalline single-phase BaTi2O5
ceramic was directly obtained by crystallization from a
containerless solidified glassy precursor. The dielectric
properties of nanocrystalline ceramic with different
annealing treatment depended on frequency were
investigated, and it was found that the dielectric

constant of BaTi2O5 nanoceramic depends on average
grain size in nanometer scale, and there is an optimal
range of grain size which exhibits greater dielectric
constant than conventional microcrystalline ceramics.
Moreover, the dielectric dissipation of as-fabricated
ceramic is also lower than that of microcrystalline
ceramics. The reason could be mainly attributed to the
presence of nanometer-sized grains.

2 Experimental
The glass precursor was synthesized employing an
aerodynamic levitator furnace equipped with CO2 laser
allowing for the high temperature melt and rapid
quenching under noncontact process by shutting down
the laser. Firstly, to prepare samples for levitation, high
purity (99.9%) BaTiO3 and TiO2 were fully mixed at a
1:1 molar ratio, pressed into pellets, sintered for the
first time at 1400 K for 8 h and then at 1420 K for 12 h
for the second time. Cylinder samples of 35 mg
made from the pellets were put into the furnace and
levitated by O2 flow. After heating the samples up to
2100 K, glassy transparent spheres with diameter
of about 2.5 mm were obtained from deep undercooled
melt through a containerless solidification process.
The glassy spheres were then crystallized into
nanocrystalline ceramic in a highly accurate annealing
furnace (KSL-1100X, Hefei Kejing Materials
Technology Co. Ltd.) at a series of temperatures
ranging from 960 to 1020 K and duration ranging from
10 to 60 min in order to find out the effects of these
factors on dynamic crystallization process.
The crystallization temperature in synthesis of
nanocrystalline BaTi2O5 ceramic was determined by
differential scanning calorimetry (DSC, Netzsch STA
449 F3 Jupiter) measurement. Phase characterization
was performed on X-ray diffraction (XRD, Philips
X'Pert Pro MPD, Philips), and structure determination
of the annealed samples etched by HF aqueous
solution for 80 s was performed using a scanning
electron microscope (SEM, JSM-6700F, JEOL).
Dielectric characterizations were determined by a
dielectric analysis system (HP 4294A, Agilent Inc.).

3 Results and discussion
3. 1

Determination of the annealing temperature

The

as-solidified
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Intensity (a.u.)

transparent spheres without any pore. The glassy
feature of the samples was confirmed by XRD given in
Fig. 1, which shows the samples are highly amorphous
except for a small trace of crystalline BaTi2O5 whose
peak corresponds to the most intense reflection of
BaTi2O5.
In order to determine the proper annealing
temperature for the BaTi2O5 glass crystallization, DSC
measurement was employed to investigate the phase
transition process. Figure 2 shows that the glass
transition temperature (Tg) and crystallization
temperatures (Tαx and Tβx) are clearly presented at
exothermic peaks, and Tg, Tαx, and Tβx are 973, 993,
and 1020 K, respectively. Yu et al. [32] found a giant
dielectric constant 107 at the first exothermic peak
during continuous temperature rise, then dropping
rapidly to 106 within the following 20 K. With
reference to above results, we made a configuration
including the annealing temperature and duration
(samples with different annealing temperature for
duration 10 min are numbered as Si; samples with
different duration at annealing temperature 1000 K are
numbered as si) as listed in Table 1.
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Fig. 1

Table 1

Annealing parameter of BaTi2O5 glass

Temperature
Sample
(K)
S1
960
S2
980
S3
1000
S4
1020

Duration
Temperature
Sample
(min)
(K)
10
s1
1000
10
s2
1000
10
s3
1000
10
s4
1000

Duration
(min)
10
20
40
60

By simple observation with naked eyes,
transparency of the annealed BaTi2O5 glass decreases
as the treating temperature increases and treating
duration rises. S4, s3, and s4 are milk white and opaque.
It is supposed that the decrease in transparency is
related with crystallization of the glass because its
thermodynamics and kinetics instabilities increase with
increase of both annealing temperature (higher than Tg
and Tαx) and duration [33].
3. 2

Phase composition of nanometer‐sized BaTi2O5
ceramic

Figure 3 gives the XRD patterns of the annealed
BaTi2O5 glass from 960 to 1020 K for the same
duration (10 min). Typical amorphous broad peak of
BaTi2O5 glass disappears and some characterized
Bragg peaks of BaTi2O5 ceramic emerge at 960 K. This
phenomenon perfectly matches with our DSC results
that the glass begins to crystallize at 960 K (Tg =
973 K). As the annealing temperature increases from
980 to 1020 K for the same annealing duration, sharp
crystallized peaks constantly emerge, suggesting
higher crystallization.
Figure 4 shows the XRD patterns of annealed glass
at 1000 K for varied duration from 10 to 60 min. It can
be concluded that sample crystallinity increases as the
annealing duration rises, Bragg peaks are almost
characterized BaTi2O5 peaks, and peaks of Ba6Ti17O40
disappear after 40 min annealing treatment at 1000 K.

XRD pattern of BaTi2O5 glass.
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Fig. 3 XRD patterns of varied BaTi2O5 glass annealed at
(a) 960 K, (b) 980 K, (c) 1000 K, (d) 1020 K for 10 min.
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Fig. 4 XRD patterns of varied BaTi2O5 glass annealed at
1000 K for (a) 10 min, (b) 20 min, (c) 40 min, (d) 60 min.

For the sample after 60 min annealing treatment at
1000 K, the XRD pattern shows pure BaTi2O5
crystalline phase.
3. 3

Microstructure of BaTi2O5

Surface morphology of HF etched BaTi2O5 glass
reveals a typical amorphous appearance without grain
boundary. Microstructures represented in Figs. 5(a)
and 5(b) are similar with that of BaTi2O5 glass except
for a few gully shape structures in accordance with
BaTi2O5 emergence in Fig. 3. Several spherical
structures are observed on amorphous matrix shown in
Fig. 5(c) and these areas may be BaTi2O5 and
Ba4Ti12O27 by referring to XRD patterns in Fig. 3. A
mass of spherical and hemispherical structures appear
in Fig. 5(d) and the average grain size is 50–
150 nm. Observed in Fig. 2, 1020 K is the transition
temperature of α-phase to β-phase, so the principal
crystalline phase is BaTi2O5 after 10 min treatment at
1020 K. In Fig. 6, as the increase of annealing duration

Fig. 6 SEM micrographs of varied BaTi2O5 glass after
different annealing duration at 1000 K for (a) 10 min, (b)
20 min, (c) 40 min, (d) 60 min.

at 1000 K, grain crystallizes into regular shape and
grows. The sample has been totally crystallized into
BaTi2O5 phase with spherical and elliptical grains of
50–150 nm in Fig. 6(d). Materials that reveal pore-free,
fully dense polycrystalline with nanostructures are
shown in Figs. 5 and 6.
Table 2 shows the average grain size of BaTi2O5
glass under different annealing process. The annealed
BaTi2O5 glass samples from 960 to 1000 K for 10 min
(S1 and S2) do not have obvious crystallization.
Average grain sizes of samples increase with increase
of annealing temperature and duration. These results
are well agreeable with that from XRD patterns.
3. 4

Dielectric properties

In this work, the frequency dependence of permittivity
was measured with an impedance analyzer. For initial
measurement, our annealed samples were cut into
disks of 0.4 mm in thickness and 2.44 mm in diameter,
and Ag was coated as electrode. Figure 7 shows the
frequency dependence of permittivity (εr) and loss
component (tanδ) of annealed BaTi2O5 glass. When the
annealing temperature is below 1000 K, permittivity of
the annealed glass is similar with untreated glass with
the increase of temperature after the same processing
duration. When it comes to 1020 K, there is a jump of
permittivity which indicates a change in crystal
structure introduced by annealing treatment. The above
phenomenon is in good agreement with our XRD
Table 2 Average grain size of BaTi2O5 annealed at
different process

Fig. 5 SEM micrographs of varied BaTi2O5 glass after
different annealing temperature at (a) 960 K, (b) 980 K, (c)
1000 K, (d) 1020 K for 10 min.

Sample
Average grain
size (nm)
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patterns and SEM micrographs: crystallization occurs
in our sample only when it reaches 1000 K, and Bragg
peaks begin to grow in both number and amplitude at
1020 K. The average grain size is more than 50 nm,
which is bigger than that under 1000 K annealing
temperature. All of those changes in both structure and
grain size lead to the jump of permittivity at 1020 K.
As shown in Fig. 7(b), when samples are annealed
under 1000 K, tanδ of different samples stay the same
with the increase of annealing temperature; however,
there is a decrease of tanδ of the same sample with
frequency increasing. When the sample is annealed
above 1020 K, tanδ increases with temperature and
frequency which is different with tendency of other
curves below 1000 K. That may be attributed to the
presence of β-phase crystalline BaTi2O5 after 10 min
treatment at 1020 K, as DSC curve indicates that
1020 K is the transition temperature of α-phase to
β-phase [32].
In Fig. 8(a), the dielectric constant increases with
duration increasing from 10 to 40 min and decreases
with frequency increasing for ceramic annealed under
1000 K; however, it decreases with the grain size
growth when the nanoceramic is annealed at 1000 K
for 60 min, which indicates an optimal grain size
(a)

(a)

1020K

75

contributes to the greatest dielectric constant. tanδ
decreases with frequency increasing for ceramic
annealed under 1000 K, 10 min treatment, but it
increases with frequency and annealing duration
increasing subsequently, which is corresponded with
SEM micrographs: as the grain grows, tanδ increases.
The result shows there is strong dependence of
dielectric properties such as εr and tanδ on average
grain size of nanoceramic. When grain size is below
100 nm, remarkable surface effect, volume effect, and
quantum size effect lead to notable changes in optical,
thermal, and electromagnetic performances for the
samples.
Value of tanδ for BaTi2O5 nanocrystalline ceramic
shown in Fig. 8(b) is lower than the value of which
was fabricated by other methods. The decrease of tanδ
is a consequence of the following mechanism. As the
grain size gets smaller, nanometer-sized grain becomes
active and degree of spontaneous polarization
decreases, thus under the function of electric field,
lower energy is required for dipoles to change
directions.
Polarization of a dielectric material is the sum of the
contributions of electronic, dipolar, ionic, and
interfacial polarizations [34]. At low frequency, all the

150
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Fig. 7 Frequency dependence of (a) dielectric constant εr
and (b) tanδ of BaTi2O5 ceramic annealed at different
temperatures for 10 min.
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Fig. 8 Frequency dependence of (a) dielectric constant εr
and (b) tanδ of BaTi2O5 ceramic annealed at 1000 K for
different duration.
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polarizations occur in varying electric field, but at
higher frequency, a main contributor of εr is electronic
polarization, since some of the polarizations become
ineffective, as a result, the net polarization mobility of
the material decreases which leads to the decrease in
the value of εr [35]. The increase in loss tangent,
observed at room temperature as a function of
frequency, can be ascribed to the mobility
enhancement of the ionic charge carriers.

[5]
[6]

[7]

[8]

4 Conclusions
In conclusion, by varying the annealing temperature
and duration, nanocrystalline ceramic was successfully
fabricated by containerless solidification following
quick annealing, and its dielectric properties are in
obvious difference with traditional materials in many
aspects. Compared with permittivity value (around 70)
of BaTi2O5 with micrometer grain size, εr of BaTi2O5
nanocrystalline ceramic with 80 nm average grain size
reaches the highest value of above 130 (room
temperature, 100 kHz). So there is an optimal range of
grain size for nanocrystalline ceramic exhibiting better
permittivity properties than microcrystalline ceramics
due to quantum size effect. It is anticipated that the
economical and innovative preparation approach
presented here can be widely applied to fabricate other
dense, chemically homogenous polycrystalline
nanometer materials.

[9]

[10]

[11]

[12]

[13]
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